The sleep-wake cycle has been studied extensively in both adult and fetal mammalian species with emphasis in different areas. Fetal studies have focused on characterization of behavioral states and responses to challenges such as hypoxia, and there have been relatively fewer studies that have investigated the control of fetal behavioral state. The objective of this study was to determine whether cerebral blood flow during cholinergically induced fetal behavioral states was similar to that during spontaneous fetal behavioral states in chronically catheterized near-term sheep fetuses. Injection of carbachol (1.25 g) into the cisterna magna increased the duration of the subsequent lowvoltage electrocortical epoch. Scopolamine infusion (0.3 mg) increased the duration of the subsequent high-voltage electrocortical activity epoch. Cerebral blood flow and oxygen delivery were higher during both spontaneous and carbachol-induced low-voltage/rapid eye movement behavioral state than during spontaneous and scopolamine-induced high-voltage/non-rapid eye movement behavioral state. Thus, pharmacologic manipulation of fetal behavioral state induced a state that resembled spontaneous fetal behavioral state both electrophysiologically and metabolically. This study shows that inducing extended periods of a desired fetal behavioral state is possible and that this method may be used to study their function. Cycles of behavioral state are present before birth in species in which significant brain development occurs in utero, including the rhesus monkey, guinea pig, and sheep. After 120 d gestation (term ϭ 145 Ϯ 3 d), the sheep fetus cycles between a low-voltage (LV)/rapid eye movement (REM) behavioral state-characterized by LV fast electrocortical activity, rapid eye movements, and nuchal muscle atonia-and a high-voltage (HV)/non-rapid eye movement (NREM) behavioral statecharacterized by HV slow electrocortical activity, no eye movements, and nuchal muscle tone (1) every 30 -40 min (2). Near term, after 135 d, the sheep fetus exhibits short periods of "wakefulness" as defined by LV fast electrocortical activity and nuchal muscle tone (3,4). In addition, cerebral metabolic rate (CMR) of oxygen and cerebral blood flow (CBF) are increased during LV/REM compared with HV/NREM behavioral state (5). These fetal behavioral states are electrophysiologically similar to the REM and NREM sleep states observed during adult sleep, and higher CBF has been measured during REM sleep compared with NREM sleep in all adult mammals studied (6 -8).
The sleep-wake cycle has been studied extensively in both adult and fetal mammalian species with emphasis in different areas. Fetal studies have focused on characterization of behavioral states and responses to challenges such as hypoxia, and there have been relatively fewer studies that have investigated the control of fetal behavioral state. The objective of this study was to determine whether cerebral blood flow during cholinergically induced fetal behavioral states was similar to that during spontaneous fetal behavioral states in chronically catheterized near-term sheep fetuses. Injection of carbachol (1.25 g) into the cisterna magna increased the duration of the subsequent lowvoltage electrocortical epoch. Scopolamine infusion (0.3 mg) increased the duration of the subsequent high-voltage electrocortical activity epoch. Cerebral blood flow and oxygen delivery were higher during both spontaneous and carbachol-induced low-voltage/rapid eye movement behavioral state than during spontaneous and scopolamine-induced high-voltage/non-rapid eye movement behavioral state. Thus, pharmacologic manipulation of fetal behavioral state induced a state that resembled spontaneous fetal behavioral state both electrophysiologically and metabolically. This study shows that inducing extended periods of a desired fetal behavioral state is possible and that this method may be used to study their function. Cycles of behavioral state are present before birth in species in which significant brain development occurs in utero, including the rhesus monkey, guinea pig, and sheep. After 120 d gestation (term ϭ 145 Ϯ 3 d), the sheep fetus cycles between a low-voltage (LV)/rapid eye movement (REM) behavioral state-characterized by LV fast electrocortical activity, rapid eye movements, and nuchal muscle atonia-and a high-voltage (HV)/non-rapid eye movement (NREM) behavioral statecharacterized by HV slow electrocortical activity, no eye movements, and nuchal muscle tone (1) every 30 -40 min (2) . Near term, after 135 d, the sheep fetus exhibits short periods of "wakefulness" as defined by LV fast electrocortical activity and nuchal muscle tone (3, 4) . In addition, cerebral metabolic rate (CMR) of oxygen and cerebral blood flow (CBF) are increased during LV/REM compared with HV/NREM behavioral state (5) . These fetal behavioral states are electrophysiologically similar to the REM and NREM sleep states observed during adult sleep, and higher CBF has been measured during REM sleep compared with NREM sleep in all adult mammals studied (6 -8) .
Cholinergic drugs also alter REM and NREM sleep in adult species. Microinjection of carbachol into brainstem nuclei of the pontine reticular formation increases REM episodes in rats (9) . Likewise, rats that are treated with s.c. infusion of scopolamine exhibit a decrease in sleep, with greater suppression of REM than NREM sleep (10) . In the sheep fetus, a 90-min infusion of carbachol increases the incidence of LV/REM behavioral state (11, 12) , whereas scopolamine administration increases the incidence of HV/NREM behavioral state (12) . Evidence also exists for the cholinergic system's role in the regulation of CBF in adults. Cholinergic neurons in the basal forebrain play a role in the regulation of CMR (13) , and injection of the cholinergic agonist carbachol into the substantia innominata increases CBF in rats. This effect can be blocked in some cortical regions by systemic treatment with scopolamine, a cholinergic antagonist (14) . To date, no studies have determined whether the cholinergically induced changes in fetal behavioral state are accompanied by changes in CBF normally observed between behavioral states. The purpose of this study therefore was to 1) determine the effects of bolus infusion of carbachol and scopolamine administered into the fetal cisterna magna on fetal behavioral state and 2) determine whether the subregional pattern of CBF and oxygen delivery during the cholinergically induced behavioral states were different from those measured during spontaneous fetal behavioral states.
METHODS
All procedures and protocols were performed with the approval of the University of Western Ontario Animal Care Committee and in accordance with the Canadian Council on Animal Care guidelines. Animals were housed in individual cages, which allowed for continuous monitoring of fetal physiologic parameters and maternal health, with food and water available ad libitum.
Surgical procedures. Fourteen pregnant sheep of mixed breed were surgically prepared at a gestational age of 127 d (term, 145 d) as previously described (15) . Anesthesia was induced with a 40-mL injection of pentothal into the maternal jugular vein and maintained with 1.0 -1.5% halothane and oxygen. The uterus was exposed and opened through a midline incision in the lower abdomen. Polyvinyl catheters (Bolab, Lake Havasu City, AZ) were placed into the fetal inferior vena cava via the pedal vein for antibiotic and radioactive labeled microsphere infusion, the brachiocephalic artery for blood sampling and pressure measurement, and the trachea and amniotic cavity for pressure measurement. Electrodes of Teflon-coated stainless steel wire (Cooner, Chatsworth, CA) were implanted biparietally on the dura for fetal electrocortical activity recordings, through the lateral orbital ridge of the zygomatic bone of each eye for measurement of eye movements, and in the nuchal muscle for electromuscular [electromyograph (EMG)] recordings. A reference electrode was sutured into the loose connective tissue over the occipital bone of the skull. A drug infusion catheter was implanted in the cisterna magna as previously described (Bolab V4) (12, 16, 17) . The catheters, which contained heparinized saline, and electrodes were exteriorized through the flank of the ewe, and the abdomen was closed in layers. A polyvinyl catheter was placed in the maternal femoral vein for blood sampling. Animals were allowed 3 d of recovery from surgery during which the fetuses were administered 1 mL of penicillin G sodium 10 million IU/mL to both the amniotic cavity and the fetal vein, and the ewes received an i.m. injection of 4 mL of Pendistrep (penicillin G procaine 200,000 IU/mL and dihydrostreptomycin base of 250 mg/mL) daily.
Physiologic recordings. Fetal behavioral state parameters were monitored continuously throughout the experimental periods. Tracheal, amniotic cavity, and brachiocephalic arterial pressures were recorded using strain gauge manometers (Model P-23 ID; Canadian Cardiovascular Products, Mississauga, ON, Canada) and a strip chart recorder (Model 78D; Astro-Med, Grass Division, Boucherville, PQ, Canada). Mean arterial blood pressure was referenced to amniotic fluid pressure and calculated as the sum of diastolic and 0.4 of pulse pressure. Electrical signals were processed by means of a common mode rejection preamplifier (Model 7P 511J). Fetal electrocortical activity, eye movements, and EMG potentials were displayed directly on the strip chart recorder after passing through a passive band-pass filter, 0.3-30 Hz for electrocortical activity and eye movements and 0.3-60 Hz for nuchal EMG, on the preamplifier. The electrocortical activity signal was additionally processed through a bandpass filter of 3-10 Hz, and the frequency shift then was displayed on the strip chart recorder. Fetal blood samples were analyzed for oxygen saturation and Hb using an OSM2 hemoximeter (Radiometer, Copenhagen, Denmark), and blood gases and pH were analyzed using an ABL-500 blood gas analyzer (Radiometer) with temperature corrected to 39.5°C. Oxygen content then was calculated using an oxygen capacity of 1.36 mL/g Hb (4).
Experimental protocols. Experiments extended over 2 d with a 2-h control period each day followed by a 1-mL bolus injection of either carbachol (1.25 g) or scopolamine (0.3 mg) dissolved in Ringer's solution into the fetal cisterna magna over 1 min followed by a 1-mL flush with lactated Ringer's solution over 1 min and then a 4-h recovery period. Regional CBF measurements were performed each day during a spontaneous (control period) and a drug-induced fetal behavioral state by injecting~1.5 ϫ 10 6 (range 1.2-2.5 ϫ 10 6 ), 15-m diameter radioactive labeled ( 141 Ce, 51 Cr, 85 Sr, or 46 Sc) microspheres (New England Nuclear, Boston, MA) into the fetal inferior vena cava. A reference sample was obtained by withdrawal from the brachiocephalic artery for 2 min at a rate of 2.06 mL/min with a Harvard infusion-withdrawal pump (4, 5) . The CBF measurement was made during LV/REM behavioral state in the control periods preceding the infusion of carbachol into the cisterna magna and during HV/NREM behavioral state in the control periods preceding the infusion of scopolamine. During the control period, CBF measurements began at least 3 min after a switch to the desired fetal behavioral state followed by a period in that behavioral state of at least 1 min to ensure that a change in fetal behavioral state was not only initiated but also maintained. Carbachol infusion was performed after 2 min of spontaneous HV/NREM activity, and scopolamine infusion occurred after 2 min of spontaneous LV/REM activity.
The second blood flow measurement each day began after 5 min of the corresponding drug-induced behavioral activity (carbachol-induced LV/REM, scopolamine-induced HV/NREM) and followed by a minimum of 1 min in that state. Blood samples from the brachiocephalic artery were obtained immediately before and after each blood flow measurement. Approximately 5 mL of blood was withdrawn for each blood flow measurement and blood gas analysis.
The order of administration of carbachol and scopolamine was randomized, and the protocol was repeated on the second day with the second drug.
On completion of the studies, the ewe and fetus were killed and an autopsy was performed on the fetus to validate placement of the fetal catheters. Cisterna magna catheter placement was visually confirmed during the autopsy before dissection, and the catheter was always positioned over the dorsal surface of the pons and medulla. The brain was weighed and dissected in the following manner: cerebral cortex (data for right and left lobes was averaged; frontal lobe, temporal lobe, parietal lobe, and occipital lobe), subcortex (thalami, hippocampi, colliculi, and corpus striatum), brainstem (midbrain reticular formation, substantia nigra/lateral geniculate body, brainstem reticular formation, pons, and medulla), and cerebellum (cerebellar hemisphere and vermis) (4) . Previous studies show that for the number of microspheres that reach a brain region/subregion to be within 10% for concurrent measurements, a minimum of 400 microspheres must be in that portion of tissue (18, 19) . Only the substantia nigra/lateral geniculate body in one animal did not satisfy this criterion. Tissues were weighed separately, and radioactivity was analyzed using a gamma counter (CompuGamma model 1282; LKB Wallac Oy, Turku, Finland). Blood flow (20) and oxygen delivery (21) to these tissue regions were then calculated.
Data analysis. Electrocortical activity was analyzed by visual inspection and divided into periods of LV (Ͻ50 V), intermediate voltage (50 -100 V), and HV (100 -200 V) (15, 22) . Frequency shift data from the strip chart recordings were also used to confirm changes in electrocortical activity. Eye movement activity was deemed to be present when the episode lasted longer than 30 s with an amplitude Ͼ50 V. Repeated negative deflections in tracheal pressure Ͼ2 mm Hg for Ͼ30 s were classified as fetal breathing movements (FBM) (22) . EMG activity of the nuchal muscle was also analyzed by visual inspection and noted to be generally present or absent but was not quantified. Electrocortical activity, eye movement activity, and FBM are expressed as the percentage of time spent hourly during the control period 2 h before and recovery period 4 h after the bolus drug injection (15, 23) . Fetal mean arterial blood pressure was calculated every 5 min and then averaged for each hour of the control and recovery period. Oxygen delivery to brain regions was calculated as the product of blood flow to that region and the mean of the arterial oxygen content sampled before and after that blood flow measurement. Not all metabolic and biophysical measurements or experiments were performed in each animal because of catheter failure, a switch in behavioral state at the time of microsphere injection, fetal death, and/or technical difficulties. Thus, the data presented for this study were obtained from six fetuses that successfully completed all four blood flow determinations. All metabolic and biophysical data were analyzed using two-way repeated measures ANOVA followed by Bonferroni post hoc t tests (SigmaStat; SPSS, Chicago, IL). Data are presented as mean Ϯ SEM.
RESULTS

Blood gas status.
Fetal weight at autopsy averaged 3.7 Ϯ 0.4 kg (range, 2.6 -4.8 kg). Fetal arterial blood gases, pH, and O 2 content were monitored at the time of each blood flow determination and were consistent with those previously measured in healthy fetuses of this gestational age (131-132 d) (4, 12) . There were no differences in these measurements between the spontaneous and drug-induced behavioral states as measured at the time of microsphere injection (Table 1) . There was an effect, however, of fetal behavioral state on arterial pH (F 1,5 ϭ 668 11.28, p ϭ 0.02) such that pH was lower in LV/REM behavioral state than HV/NREM behavioral state whether spontaneous or drug induced (Table 1) .
Fetal behavioral state. Bolus injection of carbachol did not significantly affect the percentage of time spent in LV electrocortical activity, eye movements, or FBM during the hour after the infusion ( Administration of scopolamine resulted in a significant increase in the percentage of time spent in HV electrocortical activity in the hour after the infusion (F 1,5 ϭ 6.50, p ϭ 0.01) and a concomitant decrease in the percentage of time spent in LV electrocortical activity (Fig. 1B) . A significant decrease in the incidence of eye movement activity also occurred during the hour after infusion. The duration of the HV electrocortical activity epochs that occurred after scopolamine injection were significantly longer (22.6 Ϯ 3.3 min) than the duration of spontaneous HV electrocortical activity epochs (10.4 Ϯ 0.7 min; F 1,5 ϭ 17.83, p ϭ 0.01). In the 1-h period after scopolamine, 29.2 Ϯ 18.7% (range, 0 -100%) of EOG activity occurred during HV electrocortical activity compared with no eye movements during this behavioral state before drug exposure (F 1,5 ϭ 2.13, p ϭ 0.09; Fig. 2B ). In addition, FBM were present during HV electrocortical activity in the hour after scopolamine infusion (38.1 Ϯ 13.2%; range, 0 to 64.3%; F 1,5 ϭ 1.53, p ϭ 0.24) in contrast to before drug exposure, when there was no FBM present during HV electrocortical activity (Fig. 2B) . There was no difference in fetal mean arterial blood pressure after scopolamine (control, 46.5 Ϯ 2.0 mm Hg; scopolamine, 51.3 Ϯ 1.4 mm Hg).
CBF. CBF to the whole brain seemed higher during spontaneous LV/REM than during spontaneous HV/NREM behavioral state (Fig. 3 ), although this difference was not significant, primarily as a result of variability in CBF in HV/NREM behavioral state. All spontaneous HV/NREM measures were made in the absence of eye movements and FBM. One measurement during scopolamine-induced HV/NREM behavioral state was made in the presence of FBM. CBF to the whole brain during carbachol-induced LV/REM behavioral state was not different compared with that measured during spontaneous LV/REM behavioral states. Similarly, CBF during scopolamine-induced HV/NREM behavioral states was not different from that in spontaneous HV/NREM behavioral states. CBF to the brain seemed higher during carbachol-induced LV/REM behavioral state (220 Ϯ 24 mL · min Ϫ1 · 100 g Ϫ1 ) compared with scopolamine-induced HV/NREM behavioral state (156 Ϯ 16 mL · min Ϫ1 · 100 g Ϫ1 ), although this was not significant (F 1,5 ϭ 3.71, p ϭ 0.11).
Regional blood flows within the brain were higher during LV/REM behavioral state than during HV/NREM behavioral state for the subcortex (F 1,5 ϭ 12.54, p ϭ 0.02) and brainstem (F 1,5 ϭ 14.69, p ϭ 0.01) whether the behavioral state was drug induced or spontaneous. Blood flow to the cerebellum maintained this state-dependent pattern; however, drug treatment had an additional effect such that flow was greater during carbachol compared with spontaneous LV/REM behavioral Carbachol injection had no effect on the incidence of LV electrocortical activity, eye movement, or FBM (A) whereas scopolamine injection significantly increased the incidence of HV electrocortical activity and decreased eye movements and FBM. ECOG, electrocortical activity; EOG, eye movements. state and lower in scopolamine compared with spontaneous HV/NREM behavioral state, and this interaction between drug and state was significant (F 1,5 ϭ 11.99, p ϭ 0.02).
Blood flow to the subregions of the brain was also higher during spontaneous LV/REM than HV/NREM behavioral state. The exceptions were the cerebellar hemisphere and vermis, where the effect of drug was dependent on state (F 1,5 Ͼ 10.59, p Ͻ 0.02).
Oxygen delivery. Oxygen delivery to the whole brain was not different between spontaneous LV/REM and HV/NREM behavioral states (Table 2) . There was no effect of either carbachol or scopolamine on oxygen delivery to the brain as a whole. Oxygen delivery to the major regions and subregions within the brain, however, was higher during spontaneous LV/REM than during spontaneous HV/NREM behavioral state for the subcortex (F 1,5 ϭ 9.47, p ϭ 0.03) and the brainstem (F 1,5 ϭ 12.67, p ϭ 0.02; Table 2 ). There was no additional effect of either carbachol or scopolamine on oxygen delivery to the brain regions or subregions. Thus, changes in oxygen delivery to brain subregions that occurred after drug injection Significance based on paired data by two-way repeated measures ANOVA followed with paired t tests using a Bonferroni correction and indicated by different letters. SN/LGB, substantia nigra/lateral geniculate body; RF, reticular formation.
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were no different from those observed during spontaneously behavioral state cycling.
DISCUSSION
The present study shows that cholinergic agents administered via bolus injection rather than infusion into the cisterna magna of the late-gestation sheep fetus transiently alters electrophysiologically defined fetal behavioral states. Electrophysiologic change is accompanied by a metabolic change that is similar to that observed during spontaneous fetal behavioral states, whereby CBF has a tendency to be higher during LV/REM than HV/NREM behavioral state to most brain regions. In addition, oxygen delivery was higher to the subcortex and brainstem in LV/REM behavioral state compared with HV/NREM behavioral state whether these were spontaneous or cholinergically induced behavioral states.
Previous studies have found no significant differences in arterial oxygen pressure and pH between LV/REM and HV/ NREM fetal behavioral state (4, 24, 25) . Small differences in arterial partial pressure of carbon dioxide have been observed between fetal behavioral states that have been either significant (4) or not significant (25) . In addition, there is an effect of FBM on blood gas and pH such that as the amplitude and the duration of FBM increase, there is a fall in arterial oxygen pressure and pH with a rise in arterial partial pressure of carbon dioxide (26) . In the present study, pH is lower during both spontaneous and carbachol-induced LV/REM behavioral state; however, these values are within the normal range (27) . As previously shown (11), pH fell slightly after carbachol injection with no changes in blood gas status (11, 28) . In addition, a 90 min infusion of scopolamine into the cisterna magna had no effect on fetal blood gas or pH status (28) .
Cholinomimetics that are known to alter adult sleep-wake states also alter fetal behavioral sleep states in sheep. The present study showed that a bolus carbachol infusion increased the duration of the subsequent LV/REM behavioral state epoch without significantly altering the hourly incidence of LV electrocortical activity, eye movements, or FBM activity. These findings support work by Bissonnette et al. (11) , previous results reporting that a 1-g bolus infusion of carbachol resulted in a nonsignificant increase in LV electrocortical activity of 1.2-fold. Likewise, Bissonnette et al. (11) noted an increase in FBM and the occurrence of FBM during HV electrocortical activity. It is interesting that this study did not show an increase in FBM, and all FBM were confined to periods of LV electrocortical activity. These data raise the possibility that carbachol may induce arousal in the fetus as noted by the increase in LV electrocortical activity but not eye movements and independently increase FBM. We think it more likely that LV/REM behavioral state was induced as we have previously demonstrated that a 90-min perfusion of a high dose of carbachol (1.35 ϫ 10 Ϫ5 M) to the cisterna magna increased the incidence of LV/REM behavioral state, whereas a lower dose (4.5 ϫ 10 Ϫ6 M) did not alter the incidence of LV/REM behavioral state (12) . Similarly, scopolamine injection increased HV electrocortical activity and decreased LV electrocortical, eye movement, and FBM activity as previously shown with a 90-min perfusion of the cisterna magna (12) . In this study, however, eye movements were observed during HV electrocortical activity. It seems that despite the effect of scopolamine to induce HV electrocortical activity and suppress eye movements, this might not be a true behavioral state as a result of a loss of the normal synchrony seen in the clustering of parameters (HV electrocortical activity, no eye movements, and no FBM) used to define HV/NREM behavioral state. Alternatively, scopolamine may act directly on centers that control eye movements and FBM.
Previous studies have shown that in adults, CBF is greater during REM sleep compared with NREM sleep (6) . Similarly, CBF is greater during spontaneous LV/REM compared with spontaneous HV/NREM behavioral state in the sheep fetus (4, 5, 29) . Results of the present study are in keeping with these previous results in terms of the direction of changes, although previous work has generally found a greater magnitude of difference between the two behavioral states. Studies that have evaluated CBF have primarily performed sequential flow determinations within the same day (5, 21) . In the present study, LV/REM and HV/NREM behavioral state blood flow determinations were made on separate days, most likely contributing to greater biologic variability between the two behavioral state blood flow measures, thus resulting in no statistically significant effect to the brain as a whole. Previous work suggests that blood flow to the brain may differ by 5% between two HV electrocortical activity epochs separated by one LV electrocortical activity epoch (29) , and this biologic/methodologic variation may account for the lack of difference observed in this study. This protocol illustrates that blood flow was significantly greater during LV/REM than HV/NREM behavioral state to the subcortex and brainstem, in keeping with previous studies that found similar differences in blood flow (25, 29) . Cerebral oxygen delivery controls for any changes in blood oxygenation levels and tended to be greater in the brain during LV/REM than HV/NREM behavioral state, in keeping with previous studies (5, 21) . It should be noted that in this study, all blood flow determinations were made at a similar time of day to prevent any influence of diurnal rhythm in CBF (30) .
Regional CBF is coupled to local metabolic requirements (31) and thus neuronal activity (32) . Cholinergic neurotransmission plays an important role in the regulation of CBF as a result of the vasodilative effects of acetylcholine. Physiologic stimulation of neurons leads to acetylcholine release, and this local acetylcholine release in turn increases local CBF (32) . Muscarinic acetylcholine receptors are found on vascular and astroglial components of human brain tissue and play a role in the regulation of cortical perfusion (33) . The cholinergic agents used in the present study may have acted directly on blood vessels altering CBF independent of fetal behavioral state. Carbachol injection in the basal forebrain causes an increase in acetylcholine in the parietal cortex (14) , suggesting that although our drug injection was into the cerebrospinal fluid bathing the pons and medulla, we may have influenced brain areas beyond this region. Nitric oxide (34) and oxygen diffusion limitation in the brain (7) also play a role in mediating CBF changes observed during different sleep states. The cholinergic agents used in this study may have acted indirectly 671 through the release of nitric oxide. Nitric oxide synthase inhibition in the newborn lamb prevents the increase in blood flow normally observed in the sagittal sinus during REM sleep (34) .
CMR determines CBF and oxygen delivery. Therefore, if CMR increases, then CBF and oxygen delivery will also increase; however, the opposite is not necessarily true. Microinjection of carbachol into the substantia innominata of anesthetized rats caused an increase in CBF to many ipsilateral regions; however, cerebral glucose use remained unchanged in all areas except the substantia innominata and the amygdala (14) . CMR of glucose is not changed with i.v. physostigmine infusion, a cholinesterase inhibitor, when compared with vehicle in rats without controlling for sleep state (35, 36) , suggesting that neuronal activity was not affected by physostigmine. In the present study, CBF during carbachol-induced LV/REM behavioral activity was generally greater than during all other behavioral states, including spontaneous LV/REM behavioral state, whereas oxygen delivery was generally lower than that observed during spontaneous LV/REM behavioral state. This increased CBF suggests that CMR during carbachol-induced LV/REM behavioral state may have been elevated. The pairing of the magnitude of CBF and oxygen delivery suggests that CMR is similar during spontaneous and carbachol-induced LV/REM behavioral state.
Intravenous scopolamine infusion and its effects on CBF and CMR of glucose have been investigated in both rat and human paradigms of learning, memory, and aging (37) but not in relation to sleep-wake patterns. The results of the present study showed that CBF during scopolamine-induced HV/NREM behavioral state was lower than that during the other behavioral states, confirming previous studies in both cats and humans (32, 37, 38) . This is not likely a direct effect of scopolamine, as it has no known vasoactive properties (32) . Animal studies have found no change in cerebral glucose uptake (32, (35) (36) (37) , suggesting that scopolamine may reduce CBF without affecting neuronal activity in the cat and the rat during anesthesia (32) . Human studies of CMR of glucose found an increase in CMR glu with scopolamine infusion (35) . The results of the present study show that oxygen delivery was lower during scopolamine-induced HV/NREM behavioral activity compared with the other three behavioral states. Although lower, the magnitude of CBF and oxygen delivery during scopolamine-induced HV/NREM was most similar to that during spontaneous HV/NREM behavioral state. These results suggest that CMR may be lower during scopolamine-induced HV/ NREM behavioral state compared with the other behavioral states investigated in this study with similarity to spontaneous HV/NREM behavioral state.
CONCLUSION
In summary, the present study suggests that CBF observed during cholinergically induced behavioral states is in fact similar to that observed during spontaneous behavioral states in the sheep fetus. Both spontaneous and carbachol-induced LV/ REM behavioral state are associated with greater CBF and oxygen delivery when compared with both spontaneous and scopolamine-induced HV/NREM behavioral state. The function of sleep remains elusive, and this pursuit is hampered by the short epochs of each sleep state and their cyclical nature. This study provides evidence that fetal behavioral states can be chronically manipulated, allowing study of the metabolic consequences during the brain's growth and developmental stages in precocious mammals in utero. Previous work in rats, altricial mammals, show that inhibiting REM sleep during the major growth and developmental period of the brain results in increased anxiety, reduced sexual activity, disturbed sleep, and a reduction in cerebral cortex and brainstem size in adulthood (39) . Pharmacologic induction of fetal behavioral state in sheep coupled with our ability to continuously monitor CBF (40 -42) may aid in determining the role of LV/REM and HV/NREM behavioral states on the growth and development of the fetal brain during late gestation, a period of both rapid brain growth and development.
